INTRODUCTION: During heart development, increased oxygenation during the early perinatal period and a change in nutrient availability evokes a switch in mitochondrial substrate preference from carbohydrates to fatty acids. This metabolic switching is reversed in adult heart disease. Genetic "reprogramming" of mitochondria plays a role in developmental and diseaserelated metabolic transitioning, but how mitochondrial plasticity is governed is unclear. Here, we found that mitophagy induced by PINK1-mitofusin 2 (Mfn2) -Parkin signaling was central to perinatal switching from glycolytic to fatty acid metabolism in mouse hearts. The Mfn2-Parkin interaction provoked generalized mitophagic removal of fetal cardiomyocyte mitochondria during the first 3 weeks of life and was a prerequisite for introduction of mature cardiac mitochondria optimized for fatty acid metabolism. RATIONALE: We considered that the highly ordered paracrystallar structure of ATP biosynthetic pathways makes it unlikely that mitochondria can behave as flexible fuel organelles, readily adjusting their metabolism to differing substrate availability. Rather, we posited that mitochondria optimized for a given metabolic milieu must be replaced when conditions change, as during the perinatal period. In support of this notion, late fetal and adult cardiomyocyte mitochondria have distinct morphologies as well as metabolic preferences. Because targeted autophagic elimination of individual damaged mitochondria (mitophagy) is mediated by the Parkinson's disease factors PINK1 and Parkin, we examined the consequences of cardiac-specific Parkin loss-of-function on perinatal mitochondrial maturation and metabolic transitioning in mouse hearts. Whereas Parkin deletion from adult hearts had no discernible adverse effects, cardiomyocyte-specific Parkin ablation from the first day of life was lethal in most mice before 3 weeks of age; in surviving mice, mitochondrial maturation was arrested at the fetal stage.
RESULTS: To interrupt Parkin-mediated mitophagy with more precision than gene ablation, we expressed PINK1 T111 and S442 phosphorylation site Mfn2 mutants. In cultured fibroblasts, the glutamic acid (E) substituted phosphomimic mutant Mfn2 EE spontaneously recruited Parkin to mitochondria and promoted mitophagy, whereas alanine (A) substituted nonphosphorylatable Mfn2 AA prevented Parkin translocation and interrupted mitophagy stimulated by mitochondrial depolarization.
We expressed wild-type Mfn2, Mfn2 EE, and Mfn2 AA in mouse hearts. Mfn2 AA, when expressed perinatally but not at or after weaning, provoked cardiomyopathy that was lethal by 7 to 8 weeks. Cardiomyocyte mitochondria of surviving young adult Mfn2 AA mice had an eccentric morphology and impaired palmitoylcarnitine use, which are typical features of fetal heart mitochondria. The transcriptional signature of juvenile Mfn2 AA hearts was distinguished from age-matched controls by depressed abundance of fatty acid and branched chain amino acid metabolism messenger RNAs, again resembling fetal hearts. Mitochondrial biogenesis was impaired, and metabolite profiling of young adult Mfn2 AA hearts revealed developmental metabolic arrest at the perinatal stage-that is, impaired fatty acid use and preserved glycolytic function. Thus, interrupting Parkin-mediated mitophagy in perinatal mouse hearts prevented normal maturational metabolic transitioning to fatty acids through retention of fetal cardiomyocyte mitochondria. Mitophagy was a prerequisite for mitochondrial biogenesis in this context. Mitochondrial maturation fails when mitophagy is interrupted. Normal perinatal mitochondrial maturation is shown on the left: Heart sections from neonatal and 5-week-old hearts are superimposed on their electron micrographs. To the right are similar images from hearts expressing the dominant negative mitochondrial Parkin receptor, Mfn2 AA. Retention of fetal cardiomyocyte mitochondria in mitophagically impaired hearts was lethal. 
M
ammalian hearts depend on mitochondrial oxidative phosphorylation to fuel myocardial contraction and pump function; catabolism of carbohydrates or fats generates adenosine triphosphate (ATP) that powers excitation-contraction coupling. Under conditions of optimal intrinsic mitochondrial functioning-i.e., when mitochondria are "fit"-energy demands and access to metabolic substrates and oxygen are central determinants of mitochondrial respiration. During organism development, both substrate availability and tissue oxygen content change. Accordingly, the increase in transplacental oxygen exchange in early embryos provokes a shift from anaerobic glycolysis to aerobic mitochondrial respiration (1). After birth, loss of transplacental carbohydrate substrates promotes a further transition to fatty acid metabolism (2) as small, fetal cardiomyocyte mitochondria are supplanted by adult organelles (3). The normal perinatal developmental conversion from glucose to fatty acid cardiac metabolism, and its maladaptive reversal back toward glucose in diseased adult hearts, have been linked to changes in metabolic gene expression, so-called "metabolic reprogramming" (4) . Cellular mechanisms underlying these cardiac metabolic transitions are poorly described, and conventional wisdom has been that mitochondria are "flexible fuel" organelles capable of switching back and forth between carbohydrate and fatty acid metabolism (5) .
Stochastic damage to cardiomyocyte mitochondria places hearts at risk from bioenergetic insufficiency or reactive oxygen species (ROS)-mediated cytotoxicity (6) . It is believed that maintaining mitochondrial functional integrity requires continuous surveillance and culling of dysfunctional organelles. In cultured fibroblasts, depolarized mitochondria are identified, sequestered, and eliminated through directed autophagy followed by lysosomal destruction (mitophagy). This form of mitochondrial quality control is mediated in part by two Parkinson's disease factors, the E3 ubiquitin ligase Parkin and its upstream activating kinase, phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) (7, 8) . By removing impaired organelles, the overall fitness of the mitochondrial collective is preserved.
The observation that glycolytic metabolism is preferred in fetal hearts, but is maladaptive in diseased adult hearts (4), indicates that mitochondrial fitness is neither a specific nor a unique condition. Rather, mitochondria are "fit" when they demonstrate optimal functional compatibility for a given developmental or pathophysiological milieu. In this context, the idea that mitochondrial quality must be actively controlled applies not just to selective culling of individual damaged mitochondria but also to generalized cell-and organ-wide promotion of mitochondrial turnover during developmental or disease-related transitions of cellular fuel and energy metabolism. A possible role for mitophagic mitochondrial replacement during metabolic transitions has not been addressed, in part because developmental phenotypes are not observed in otherwise normal mice systemically lacking Parkin (9, 10). However, absence of phenotypes in Parkin-deficient mice may simply reflect opportunistic compensation by Parkin-independent mitophagy pathways (11) .
Here, we set out to clarify the role of Parkinmediated mitochondrial turnover in the normal developmental switch from carbohydrate to fatty acid-based metabolism in perinatal mouse hearts. To avoid confounding effects of germline and cardiac-specific Parkin ablation, we developed and deployed in vitro and in vivo systems in which expression of a mitofusin 2 (Mfn2) mutant lacking PINK1 phosphorylation sites essential for its binding of Parkin suppressed Parkin translocation to mitochondria, thus specifically interrupting Parkindependent mitophagy.
Parkin is essential for perinatal mitochondrial maturation in cardiomyocytes
Cardiomyocyte mitochondria of 1-day-old mice exhibit the typical elongated, curvilinear morphology of human fetal heart mitochondria (3) but mature over 3 weeks into the larger ovoid mitochondrial structure and denser collective that is characteristic of adult mammalian hearts (Fig. 1A) . Cardiomyocyte-specific ablation of Park2, encoding Parkin, on perinatal day 1 (P1) was rapidly lethal in most mice. However, a small number of "escapers" survived until P21. Polymerase chain reaction (PCR) analysis revealed incomplete Cremediated Park2 gene recombination in the hearts of these mice ( (Fig. 1D) . Furthermore, perinatal Parkin-deficient hearts had abundant homogenous inclusions with smooth borders, characteristic of lipid droplets (Fig. 1C) . Lethality of perinatal cardiac-specific Park2 ablation, together with findings of surviving escaper mice, suggested that Parkin may be essential for maturational development of cardiomyocyte mitochondria. However, the aggressive phenotype confounded attempts to determine underlying mechanisms. Accordingly, we built upon previous observations that Parkin fails to translocate to depolarized mitochondria of Mfn2-deficient mice (12, 13) , and the discovery that PINK1 phosphorylation of Mfn2 promotes Mfn2-Parkin binding (12) , to develop a system in which Parkin-mediated mitophagy could be conditionally interrupted in vitro or in vivo without primarily targeting either Parkin or PINK1.
Mutational interdiction of Mfn2 phosphorylation by PINK1 inhibits Parkin-mediated mitophagy
PINK1 is stabilized and accumulates in depolarized mitochondria (14) and phosphorylates Mfn2 ( Fig. 2A) , enabling its binding to Parkin (12) . Mimicking Mfn2 phosphorylation by substituting glutamic acid (E) for the critical threonine and serine (Mfn2 T111E/S442E; Mfn2 EE) induces PINK1-independent Mfn2-Parkin association (12) and promotes spontaneous Parkin recruitment to mitochondria of cultured fibroblasts ( Fig. 2B and fig. S1 ). Nonphosphorylatable alanine (A) substitution at the same sites (Mfn2 AA) had reciprocal effects, preventing PINK1-mediated Mfn2-Parkin binding (12) and suppressing Parkin translocation provoked by the mitochondrial uncoupling agent carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) (Fig.  2B and fig. S1 ). Effects of Mfn2 EE and Mfn2 AA on Parkin translocation were concordant with stimulation or inhibition, respectively, of mitochondrial-lysosomal interactions ( Fig. 2C and  fig. S1 ). In agreement with Mfn2 EE functioning as a constitutive mitochondrial Parkin receptor, it failed to evoke mitophagy in Parkin-deficient cells ( fig. S2 ). Although the mitophagy response to FCCP was reduced in PINK1-deficient cells, Mfn2 EE nevertheless promoted spontaneous Parkin translocation ( fig. S3 ). Because nonphosphorylatable Mfn2 AA inhibited Parkin localization to mitochondria without primarily affecting PINK1 or Parkin, we used it to interrupt PINK1-Parkin-mediated mitophagy without adversely affecting nonmitophagic Parkin functionality (15) .
We asked whether Mfn2 phosphorylation of T111 and S442 modified other cellular actions of Mfn2. Mfn2 promotes outer mitochondrial membrane tethering and fusion (16) . Nonphosphorylatable Mfn2 AA was as effective as wildtype (WT) Mfn2 for inducing mitochondrial fusion in either WT or Mfn2-deficient fibroblasts; pseudophosphorylated Mfn2 EE did not promote fusion, instead evoking mitochondrial shortening (Fig.  2D and figs. S1 to S3) . Thus, Parkin binding and mitochondrial outer membrane fusion are mutually exclusive functions of Mfn2 regulated by PINK1-mediated phosphorylation.
Mitochondrial fragmentation is functionally linked to mitophagy (17) . We asked whether the absence of fusion-promoting activity for the phosphomimic Mfn2 EE was sufficient to provoke mitophagy. FCCP-stimulated Parkin translocation and lysosomal-mitochondrial colocalization were examined in cells expressing a naturally occurring fusion-defective human Mfn2 mutant, R400Q, in which PINK1 phosphorylation sites are intact (18) . Mfn2 R400Q induced mitochondrial shortening similar to Mfn2 EE but did not promote Parkin translocation or mitophagy ( fig. S4) . Thus, inhibition of mitochondrial fusion and mitochondrial recruitment of Parkin by Mfn2 are not functionally coupled, except through PINK1-mediated Mfn2 phosphorylation. Finally, we determined whether phosphorylation of Mfn2 on T111 and S442 affected its binding of Miro mitochondrial transport proteins (19) . WT Mfn2, Mfn2 AA, and Mfn2 EE each bound Miro1 and Miro2, exhibiting the previously reported preference for Miro2 ( fig. S5 ). Mitochondrial fusion and Parkin translocation are therefore reciprocally and uniquely regulated by PINK1-mediated phosphorylation of Mfn2 on T111 and S442.
Perinatal inhibition of Parkin-mediated mitophagy induces lethal cardiomyopathy
Because Mfn2 AA promoted mitochondrial fusion similar to WT Mfn2, but inhibited mitochondrial Parkin localization, we used it to dissect the role of Parkin-mediated mitophagy in mouse hearts. Both separation-of-function Mfn2 mutants (EE and AA) were expressed using a bitransgenic doxycyclinesuppressible cardiomyocyte-specific Myh6 promoter system (Fig. 3A) ; cardiac transgene expression can be suppressed with doxycycline, but in its absence, such expression begins shortly after birth (20) . WT Mfn2 was expressed separately as a control for increased myocardial Mfn2 content (Fig. 3A, top) . In vivo regulation of cardiac mitophagy by Mfn2 EE and Mfn2 AA was assessed by crossing Mfn2 EE and Mfn2 AA mice to mice conditionally expressing Parkin using the same doxycycline-suppressible Myh6-driven expression system (21) and concomitantly inducing the Mfn2 and Parkin transgenes in adult mice. Mitochondrial localization of Parkin, increased ubiquitination of mitochondrial proteins, and mitochondrial localization of the autophagosomal docking protein, p62/Sequestosome 1 (SQSTM1), were enhanced in Mfn2 EE/Parkin hearts but reduced in Mfn2 AA/Parkin hearts, compared with Parkin-overexpressing controls (Fig. 3A, bottom) . These in vivo results recapitulate the in vitro effects of the Mfn2 phosphorylation mutants on mitophagy.
Mice expressing WT Mfn2 or Mfn2 EE from birth (i.e., those that never received doxycycline) appeared normal (Fig. 3, B to E, and fig. S6 ). In contrast, cardiac expression of Mfn2 AA at similar levels from birth (Fig. 3A) was uniformly lethal by 7 to 8 weeks of age in two independent transgenic lines (Fig. 3, B and C) . Cardiac dilatation (Fig. 3, B and D) , worsening pump function (Fig.  3D) , and pulmonary congestion (Fig. 3E) identified progressive cardiomyopathy as the underlying process and heart failure as the terminal event. Myocardium from surviving 6-week-old Mfn2 AA mice exhibited cardiomyocyte enlargement and replacement fibrosis (Fig. 3F) . TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling) staining was increased proportionally to in vivo Evans blue labeling without caspase 3 processing, revealing necrosis to be the likely mechanism for Mfn2 AA-induced cardiomyocyte dropout ( fig. S7 , A to C). However, there were no differences in the size of Mfn2-dependent mitochondrial-sarcoplasmic reticulum interfaces (22) in WT-Mfn2 and Mfn2 AA-expressing mice ( fig. S7D) , showing that interorganelle tethering by Mfn2 (23) was not perturbed by preventing T111 and S442 phosphorylation. Remarkably, cardiac Mfn2 AA induction at the time of weaning (~3 weeks) or in young adult mice (8 weeks) evoked no cardiac pathology ( fig. S8) . Thus, Parkin localization to Mfn2 on cardiomyocyte mitochondria is essential only between birth and weaning.
Parkin-mediated mitophagy is essential for perinatal cardiomyocyte mitochondrial maturation
The only molecular differences between cardiac WT Mfn2 and Mfn2 AA mice were two nonphosphorylatable amino acids ( fig. S9 ). Yet, the cardiac phenotype of the former was benign, whereas the latter developed lethal juvenile cardiomyopathy. Because Mfn2 AA promoted mitochondrial fusion as well as WT Mfn2 (Fig. 2D and fig. S1D ), and the Mfn2 AA mutation did not affect other Mfn2 functions (figs. S5 and S7), we reasoned that the Mfn2 AA cardiomyopathy was caused by suppressing Parkin-mediated mitophagy. In agreement with this idea, mitochondria-associated Parkin and p62/SQSTM1 were both reduced in the hearts of 2-to 3-week-old Mfn2 AA mice, compared with age-matched WT Mfn2 mice (Fig. 4A, top) . Mitochondrial Parkin association was likewise depressed by Mfn2 AA in hearts of 2-to 3-week-old food-deprived mice, but mitochondrial-associated p62/SQSTMI was increased (Fig. 4A, bottom) . Thus, Mfn2 AA inhibits developmentally programmed Parkin-mediated mitophagy, but not Parkin-independent mitochondrial autophagy provoked by starvation.
Multiple lines of evidence revealed a deterioration in mitochondrial quality specific to Mfn2 AA hearts, including impaired maximal mitochondrial respiration (Fig. 4B) , increased mitochondrial production of O 2 -and H 2 O 2 ( Fig. 4C) , and modest increases in levels of the mitochondrial stress proteins fibroblast growth factor 21 (FGF21), heat shock protein 60 (Hsp60), Lon peptidase 1 (LONP1), and adenosine triphosphatase family gene 3-like 2 (AFG3L2) ( fig. S10 ). By comparison, liver and skeletal muscle mitochondria from cardiac-expressing Mfn2 AA mice were normal ( fig. S11 ). Reduced myocardial content of mitochondrial proteins (Fig. 4D and fig. S12 ) and decreased flow cytometric forward scatter (Fig. 4E) pointed to abnormalities in the abundance and morphology of cardiac mitochondria of 6-week-old Mfn2 AA mice. Ultrastructural examination revealed small, unusually shaped cardiomyocyte mitochondria (Fig. 4F and fig. S13 ). Decreased respiratory complex protein abundance reflected lower mitochondrial content in Mfn2 AA hearts (Fig.  4G ). In agreement with absence of cardiac phenotypes when Mfn2 AA expression was induced at or after weaning ( fig. S8A ), mitochondrial respiration, morphometry, and ROS production were normal in those mice ( fig. S14 ).
Mitochondrial morphology of young adult Mfn2 AA mouse hearts resembled that of both normal postnatal (P1) mouse hearts and P21 cardiac Parkin-deficient mouse hearts (compare Fig.  4F to Fig. 1, A and D) . The transition of mouse cardiac mitochondria from fetal to adult morphology normally occurs within the first 3 weeks of life (Fig. 1) , concurrent with a functional shift favoring fatty acid metabolism (5, 24, 25) . We posited that suppression of Parkin-mediated mitophagy by Mfn2 AA caused fetal mitochondria to be retained. Consistent with this idea, Mfn2 AA cardiac mitochondria did not undergo the time-dependent transformation in size and shape observed by P21 in WT Mfn2 and control hearts (Fig. 5A) . Interruption of normal mitochondrial morphological maturation that is normally complete by P21 was associated with dilated cardiomyopathy that developed within 2 weeks thereafter (Figs. 3D and 5, B and C and fig. S15 ).
Mitophagy is essential for the perinatal transformation of cardiac metabolism
Cardiac metabolic transitioning after birth is linked to increased expression of mitochondrial replication and transcription factors-i.e., mitochondrial biogenesis (26) . We measured the changes in transcript levels for more than 400 cardiacexpressed mitochondrial proteins from late embryo through adulthood, thereby defining normal transcriptional reprogramming of cardiac metabolism ( fig. S16 ). RNA sequencing of perinatal day 1 (P1), day 21 (P21), and 5-week-old hearts showed that WT Mfn2 did not perturb normal mitochondrial gene reprogramming. By contrast, the mitochondrial transcript profile of 5-week-old Mfn2 AA hearts cosegregated with P1 hearts (Fig. 6A) , driven largely by failure of electron transport, fatty acid catabolism, and ketone body metabolism gene abundance to increase during the perinatal-to-adult transition (Fig. 6A  and supplementary data sets 1 and 2) . Hemodynamic stress in adult hearts did not fully recapitulate fetal metabolic gene expression ( fig.  S17 ), demonstrating that Mfn2 AA caused true retention of the embryonic metabolic transcriptome and not cardiomyopathy-related reexpression of embryonic genes (25) . Suppression of metabolic gene reprogramming in 5-week-old Mfn2 AA hearts affected genes encoding fatty acid (Fig. 6B ) and branched chain amino acid ( fig. S18 ) tricarboxylic acid (TCA) cycle entry factors and some TCA cycle enzymes themselves (Fig. 6B) , while largely sparing glycolysis genes (Fig. 6B) ; effects on oxidative phosphorylation (OXPHOS) genes were variable (Fig. 6B) . Characteristic perinatal increases in the abundance of transcriptional activators of metabolism and mitochondrial replication factors-i.e., mitochondrial biogenesis genes-were also suppressed in Mfn2 AA hearts (Fig. 6C) .
To define the metabolic consequences of interrupting Parkin-mediated mitophagy in Mfn2 AA mouse hearts, we compared mitochondrial respiration stimulated by the fetal-preferred glycolytic substrate pyruvate to respiration stimulated by the adult-preferred fatty acid substrate palmitoylcarnitine (2, 4, 24) . Oxygen consumption by permeabilized cardiomyocytes was similar in control, WT-Mfn2, and Mfn2 AA cells given pyruvate. However, Mfn2 AA cardiomyocytes exhibited impaired respiration when provided with palmitoylcarnitine (Fig. 7A) . Moreover, myocardial metabolite profiling revealed abnormally low levels of multiple fatty acid acylcarnitines, which are products of mitochondrial fatty acid oxidative flux, in comparison with age-matched control and WT-Mfn2 hearts. Specifically, acylcarnitine levels in 5-week-old Mfn2 AA hearts were comparable to those of normal P1 hearts (Fig. 7, B  to D) . By contrast, myocardial abundance of organic acids in young adult Mfn2 AA and control hearts was similar. The concordant abnormalities of mitochondrial gene expression, substrate preference for mitochondrial respiration, and metabolic profile exhibited by cardiac Mfn2 AA mice ( fig. S19 ) illustrate the global effect of Parkinmediated mitochondrial removal on normal developmental metabolic transitioning of the perinatal heart. Taken together, the data point to a mismatch between mitochondrial programming and metabolic substrate availability as the underlying cause of progressive cardiomyopathy in juvenile Mfn2 AA mice with defective cardiomyocyte mitophagy.
Discussion
We have shown that Parkin-mediated mitophagy is essential for normal perinatal cardiac mitochondrial and metabolic maturation. By expressing from birth an engineered Mfn2 AA mutant that cannot be PINK1-phosphorylated on T111 and S442 as required for Mfn2-Parkin binding (12) , the normal developmental perinatal transformation of cardiac metabolism was disrupted. Persistence of fetal carbohydrate-metabolizing mitochondria in adult Mfn2 AA hearts revealed the requirement for organelle removal through the PINK1-Mfn2-Parkin mitophagy mechanism before mitochondrial transitioning to normal adult fatty acid metabolism. Even the genetic program encoding critical fatty acid metabolism pathways was repressed when fetal mitochondria were retained. Parkin thus promotes mitochondrial removal and suppresses biogenesis, consistent with previously described Parkin-dependent regulation of the mitochondrial biogenesis factors PARIS and PGC1a (11) . Organelle replacement, rather than simple reprogramming, may be necessary because mitochondrial respiratory supercomplexes are organized as paracrystalline arrays (27, 28) whose disassembly, reorganization, and reassembly in preexisting embryonic cardiac mitochondria could be disruptive (7) . An alternate means of mitochondrial transitioning might be through cycles of fission and fusion. However, the normal halftime for turning over adult cardiomyocyte mitochondria through mitochondrial dynamism is 3 weeks (29), within which time our studies reveal the perinatal transformation from fetal to adult mitochondria to be complete. Thus, we propose that the Parkin-Mfn2 interaction drives general mitophagic turnover of fetal mitochondria in the perinatal heart, enabling their replacement with mitochondria incorporating biogenically derived metabolic systems optimized for the high energetic demands of contracting adult hearts.
The metabolic preference for glycolysis in growing fetal hearts is reminiscent of the Warburg effect observed in cancer, wherein the transformation from restrained to malignant growth is associated with a transition to increased glycolysis and less dependence on aerobic mitochondrial ATP production (30). Although the specific molecular determinants of glycolytic metabolism in fetal hearts undoubtedly differ from those of tumors, in both instances, increased glycolysis is adaptive for a hypoxic environment and is optimized for increasing biomass-i.e., for promoting cell growth (31) . Thus, the growing fetal heart derives two benefits from a predominantly glycolytic metabolism: (i) the ability to generate ATP sufficient for the comparatively modest needs of fetal heart contraction despite a relatively hypoxic environment; and (ii) a metabolism that facilitates uptake and incorporation of amino acids and fatty acids into new cellular structures for cell and organ growth, rather than metabolizing them for energy production. On the other hand, fatty acid metabolism in fully grown adult hearts provides more efficient ATP production to fuel increased contractile demand. Our findings reveal this cardiac metabolic transition to be an essential adaptation for extra-uterine life. The developmental role for Parkin-dependent mitophagy described herein was unsuspected because germline Parkin gene ablation in mice has not produced robust phenotypes (9, 10). As deployed here, Mfn2 AA perturbed endogenous Parkin strictly by interdicting its localization to mitochondria-i.e., by acting as a nonfunctioning cardiomyocyte Parkin receptor. The lethal cardiomyopathy evoked by Mfn2 AA, but not WT Mfn2, exposed novel Parkin functionality specific to the postnatal period, during which myocardial carbohydrate-dependent metabolism transitions to fatty acid dependence. Early lethality after perinatal cardiomyocyte-specific Parkin gene deletion likewise demonstrated an essential role for Parkin in postnatal hearts. However, perinatal cardiomyocyte Parkin deficiency was generally fatal within the first 3 weeks of life, whereas perinatal cardiac Mfn2 AA expression provoked a slowerprogressing (but ultimately equally deadly) cardiomyopathy. The aggressive phenotype induced by cardiomyocyte-directed Parkin deletion likely results from complete disruption of Parkin activity that, in addition to promoting mitophagy, includes regulation of mitochondrial dynamism, modulation of subcellular mitochondrial motility, mediation of mitochondrial protein degradation, and stimulation of mitochondrial biogenesis (15) . By comparison, expressing Mfn2 AA is a more precise intervention that only inhibits Parkin activity dependent upon its binding to PINK1-phosphorylated Mfn2-i.e., mitophagy. Indeed, because endogenous Mfn2, PINK1, and Parkin are still present, mitophagy was not entirely abrogated by Mfn2 AA. Accordingly, cardiomyocyte-specific perinatal Parkin gene deletion and Mfn2 AA expression had similar effects on mitochondrial maturation in the heart, but the Mfn2 AA phenotype was an attenuated form of the full-blown phenotype that can be evoked by perinatal mitophagic dysfunction.
Our findings add to the evidence that in vivo Parkin functionality is underestimated from conventional systemic Parkin deletion. Whereas germline Parkin knockout mice exhibit few manifestations of Parkinson's disease or cardiac involvement at baseline (9, 10, 32) , conditional Parkin ablation in the substantia nigra recapitulates a central pathological feature of Parkinson's disease, degeneration of dopaminergic neurons (11) . Likewise, short hairpin RNA-mediated Parkin suppression reduces mitophagy in mouse livers, whereas mitophagy is intact in germline Parkin knockout mouse livers (33) . Finally, cardiomyocytespecific Parkin ablation alleviates the cardiomyopathy induced by dynamin-related protein 1 (Drp1) deficiency, whereas global Parkin deficiency fails to rescue a similar cardiac Drp1-deficient model (21, 34) .
These results also clarify the specific function of PINK1-Mfn2-Parkin signaling in mitophagy. The need for PINK1-phosphorylated Mfn2 to function as a Parkin binding protein in mitophagic mitochondrial clearance is not absolute, because Parkin will translocate to mitochondria of FCCPtreated cells lacking Mfn2 ( fig. S1 ). Thus, just as there are Parkin-independent pathways for mitochondrial elimination (35), we would infer one or more Mfn2-independent means of recruiting Parkin to depolarized mitochondria. Nonetheless, in normal and Mfn2-deficient fibroblasts, nonphosphorylatable Mfn2 AA abolished Parkin translocation to, and lysosomal engulfment of, depolarized mitochondria without affecting other Mfn2 activities such as mitochondrial fusion, mitochondrialsarcoplasmic reticulum tethering, and Miro binding. These results define a central role for the PINK1-Mfn2 phosphorylation interaction in conventional mitochondrial quality control and suggest a mechanism whereby PINK1-phosphorylated Mfn2 induces primary mitochondrial Parkin binding, with PINK1-phosphorylated ubiquitin as the preferred substrate for mitochondrial localized Parkin (36) .
The current findings suggest why Mfn2 and Parkin are present in hearts that seemingly have little use for the canonical functions assigned to both proteins. In adult hearts, cardiomyocyte mitochondria are static, distinct, rounded organelles. Lacking extensive interconnected mitochondrial networks, adult cardiomyocytes have little requirement for the mitochondrial remodeling that would be promoted by a redundant mitochondrial fusion protein. Indeed, in our hands, Mfn1 (but not Mfn2) is completely dispensable to adult mouse hearts (12) . Likewise, the PINK1-Parkin pathway clearly mediates autophagic elimination of damaged mitochondria in cultured mammalian cells (14) , but evidence from germline Park2 knockout mice (9), adult cardiomyocytespecific Parkin-deficient mice (21) , and from interrupting Parkin signaling in adult mice with Mfn2 AA (current study) does not support an important role for Parkin-mediated mitophagy as a homeostatic mitochondrial quality-control mechanism in hearts; normal surveillance and culling of individual damaged mitochondria seems to be accomplished through Parkin-independent Quantitative data for heart weights are in (B) and for mitochondrial ultrastructure in (C). *, P < 0.05 versus P1; #, P < 0.05 versus WT Mfn2 at the same stage.
mechanisms (35) . Rather, Parkin-directed mitophagy is invoked as needed to accelerate generalized mitochondrial turnover during developmental transitions of myocardial metabolism (current study), after myocardial injury (9) , and when mitochondrial homeostasis is disrupted (21) .
Our findings demonstrate that mitochondria are not simply flexible fuel organelles readily switching between carbohydrate and fatty acid substrates. Rather, they have intrinsic metabolic and respiratory systems optimized for different substrate-specific metabolic pathways, and metabolic transitioning requires existing organelles to be mitophagically removed, enabling their replacement with mitochondria appropriate for a given biological context. Parkin and PINK1 gene mutations cause hereditary Parkinson's disease, and Mfn2 mutations cause Charcot-Marie-Tooth syndrome type IIa. These are chronic neuromuscular disorders in which cardiac involvement is uncommon (37) . It remains to be determined whether PINK1-Parkin-Mfn2-mediated mitophagy regulates metabolic function in neurons or skeletal muscle as it does in perinatal hearts. The discovery that PINK1-Mfn2-Parkin directed-mitophagy is essential to cardiomyocyte metabolic remodeling only during the brief period following birth supports intensive genetic evaluation of the Parkin signaling pathway in neonatal, in addition to adult, cardiomyopathy. 
